Single nucleotide polymorphisms (SNPs) are single base pair mutations that provide new approaches to studies of allele transcript abundances. High-resolution DNA melting curve (HRM) analysis using a LightScanner (Hi-Res Melting™ system with Idaho's LC Green) provides post-PCR detection of mutations and SNPs in genomic DNA. This study investigated whether the HRM analysis can distinguish alleles among potato (Solanum tuberosum) transcript abundances. Transcript properties of genes encoding seven carbohydrate metabolism enzymes/ proteins in various tissues and cold storage durations were studied. The HRM assay measured differential expression of alleles between different organs, between different storage treatments and stages of tubers from the same variety, and between different varieties with the same treatment. The RT-PCR amplicons were directly sequenced to assist the interpretation of HRM data. The cDNA HRM curves correlated well with the nucleotide polymorphisms of the cDNA sequences and the transcript abundance of alleles and therefore can serve as functional allele activity (FAA) markers. By combining the allelic specificity of HRM with simple PCR design, this technology can be applied to rapidly determine the most active allele of a gene among the cells analyzed.
Introduction
Trait differences among cultivars are mainly due to the inheritance and or expression of different alleles (Foolad and Lin, 1998) . Because most genes have multiple alleles, many produce multiple nascent transcripts to respond coordinately to the temporal, spatial, or external stimuli.
The melting temperature of a double strand DNA fragment is defined as the temperature where 50% of the DNA is single stranded (SantaLucia Jr, 1998) . The nucleotide CG-pairs have a higher melting temperature tolerance than AT-pairs, and the latter has a higher tolerance than deletions. If an allele has a higher proportion of CG pairs than another allele, the allele shows a higher melting temperature. Melting temperature is one of the characteristics of DNA, and cDNA and can be used in describing the difference (polymorphism) among alleles (Howell et al., 2002; Wittwer et al., 2003) . Single nucleotide polymorphisms (SNPs) are single base pair mutations at specific loci. They are the most common type of genetic variation and also evolutionarily conserved (Syvanen, 2001) . Therefore, SNP-based markers can be used to facilitate quantitative trait loci (QTL) analysis and trait association studies. High-resolution DNA melting curve analysis has become a robust method to perform genotyping (Montgomery et al., 2007) and provides sensitive detection of mutations, including SNPs.
Gene transcriptional regulation has been studied in several ways, including Northern hybridization (Alwine et al., 1977) , real time PCR (Nolan et al., 2006) , serial analysis of gene expression (SAGE) (Velculescu et al., 1995) , expressed sequence tag (EST) sequencing (Flinn et al., 2005) , and microarray analysis (Meyers et al., 2004) . Each of these technologies provides a measurement of gene expression with various strengths and shortcomings. Transcriptional changes play a major role in many plant physiological processes. Analysis of transcription abundances allows the inference of coordinated transcription events and organized gene expressions. Dissection of alterations in transcription abundance has provided unique opportunities to study gene function by the comparison of species, tissues, and time durations simultaneously (Schenk et al., 2000; Zhao et al., 2004; Iqbal et al., 2005; Journot-Catalino et al., 2006) . To detect and distinguish several transcripts sensitively, methods such as fluorescence dye and distinct color labeled oligo DNA probes have been used to detect many transcripts using the real-time PCR approach (Jeong et al., 2007) . These spectral approaches usually possess a minimum of two distinct fluorophores to increase specificity. However, the assays are laborious and often do not contain specific or allelic information during the transcript analysis.
A simple approach that can sensitively visualize expressed allelic variants and the transcript abundance dynamics in high throughput using a small amount of RNA is still a challenge. Few current techniques for gene expression assays allow the analysis of transcript abundance regulation in a structural context (Guo et al., 2006) . Real-time PCR analysis is another approach, but its resolution often does not reach a single nucleotide level during transcript analysis. The LightScanner is a post-PCR Hi-Res Melting™ system (Idaho Technology i2 Yuan et al.
Inc, Salt Lake City, UT) for genotyping and mutation scanning. The system has been widely used in genomic DNA genotyping. The LightScanner produces better scanning specificity than current popular real-time Q-PCR instruments (Herrmann et al., 2007) . The dsDNA binding dyes LCGreen® Plus offers better sensitivity and specificity in the DNA melting analysis than that of SYBR Green (Wittwer et al., 2003; Herrmann et al., 2006; Herrmann et al., 2007) . The HRM approach enabled the detection of RNA editing of chloroplast transcripts by mixing plasmid DNA containing a C and plasmid DNA containing a T at the same site in various ratios (Chateigner-Boutin and Small, 2007) . Each plant cell has many chloroplasts, chloroplast RNA is expected to be in a higher density than the mRNA density of a nuclear gene. Chloroplast RNA can be quite extensively edited along the transcript molecules and can have a 3.6% change amino acid sequence identity (Kugita et al., 2003) . Therefore, chloroplast RNA HRM assay does not necessarily conclude whether HRM can effectively monitor nuclear gene allele activities and transcript properties.
Here, the LightScanner-based HRM was employed to study potato nuclear gene derived transcript abundance; to infer coordinated transcription events; and to study the allelic dynamics of gene expression within various organs, tissues, genotypes, and treatment. The allelic variants of genes accumulated in temporal and spatially distinct fashions. By combining advances of fluorescence detection with simple PCR design, visualization of allelic expression dynamics was achieved. This technology has potential to monitor allele activation and silencing and to determine the changes of the dominant transcript in genetically heterogeneous cells. Thus, a new platform for the study of the potato transcriptome is demonstrated.
Methods

Plant materials and primer design
Potato varieties 'Shepody', 'Atlantic', and 'Superior' were used. For the tissue specific expression of genes, 15 types of tissues of Shepody were studied, which included tuber tissues; perimedulla, vascular ring, cortex, and skin; and different organs of the plants; flowers, fruits, shoot tips, health fully opened leaves, old yellowing leaves, petioles, young stems, young roots, stolons, tiny young tubers, and mature tubers, young leaves, old leaves. For the study on tissue specificity, tissue/organ samples were from Shepody plants growing in the greenhouses. For storage stage gene expression analysis, Atlantic and Superior plants were grown in the field, and the mature tubers were stored at the storage facility (7ºC) at the Potato Research Centre of Agriculture and Agri-Food Canada (Fredericton, NB).
After the preliminary screening, five genes (seven primer pairs) were studied (Table 1) , and three genes including acid invertase, acid invertase inhibitor, and ADP-glucose pyrophosphorylase were studies in detail. All oligonucleotide primers were designed based on EST sequences surrounding SNP regions of a known genotype (Shepody). The negative control was the nonreverse transcribed RNA. The amplicons ranged in size between 100-300 bp, and the Tm of the PCR products were estimated to be less than 95ºC to ensure the observation of the entire scope of melting curves.
Nucleic acid isolation
Plant tissues were immediately frozen in liquid nitrogen and kept at -80ºC. Total RNA was isolated using the RNeasy plant mini kit (Qiagen, Mississauga, ON) in combination with DNase treatment using the RNase-free DNase kit (Qiagen GmbH, Hilden, Germany) according to the manufacturer's instruction.
PCR conditions and HRM analysis
Reverse transcription was carried out with 1 μg of total RNA with the Retroscript kit at 50ºC for one hour and 92ºC for 5 min, following manufacturer's instruction to prepare cDNA (Stratagene, La Jolla, CA). All of amplicons were amplified from potato cDNA in 10 μl PCR reactions containing 20 ng cDNA template, PCR buffer (1×), 1 U of Taq polymerase (Invitrogen, Burlington, ON), 2 mM MgCl 2 , 1 mM each of dATP, dCTP, dTTP and dGTP, 1 μl of LC Green Plus (Idaho Technology, Salt Lake City, UT) and 20 Table 1 . List of primers used to screen various tissues for the tissue-and treatment-specific cDNAs.
Primer name
Gene Sequence ncsu.edu/BioEdit/bioedit.html). ClustalX2 was used to align the sequences and to generate Bootstrap-1000 NJ phylogeny trees. The LightScanner data were normalized by both local (local background value was subtracted from the intensity value of sample) and global metrics.
Results
Correlation between HRM curve characteristics and transcript properties in different potato tissues
All the 7 pairs of primers listed in Table 1 i4 Yuan et al.
The distinction of the melting curves was also confirmed by direct sequencing of RT-PCR amplicons. The sequences of some amplicons in several organs and tissues (e.g., Fig. 1 : young-stem-CA35B) could not be defined because of the interference of non-ignorable basal expression from other polymorphic alleles or paralogs; However, there was a dominant variant in each sample at most times. It is known that the melting temperatures of different base pairs follow the order of CG>AT deletion and that a mixture of transcripts of the two would bring the melting temperature of the PCR products towards the mean value. Therefore, in most cases, HRM cures can suggest whether it is the higher Tm allele or the low Tm allele being the most actively expressed one in each RNA sample and can monitor whether the most active allele is a different one at different developmental stages, without the actual sequencing of the PCR products, as long as the genomic sequence of the SNP region is known.
HRM cures can reflect the characteristics of most abundant transcripts in multiple sample comparisons and can detect the allelic variation dynamics. Several PCR products from the heterozygous tetraploid potato variety Shepody were sequenced (Fig. 2) and a phylogenetic tree (Fig. 3) was generated. The HRM curves (Fig. 1) gave very similar distribution, reflecting well the allele positions on the phylogeneic tree (Fig. 3) . There are four alleles detected for this invertase inhibitor gene locus (Fig. 2) . The amplicons from root cDNAs had a small insert of three bases and therefore were expected to have a highest Tm value than the cDNA amplicons from the other tissues and organs. Transcripts in young tubers, mature tubers, and fruits were different from each other but more or less similar (Fig. 2 ), compared to their differences with the root expressed variant allele. The phylogenetic tree showed that the root cDNA variant was considerably different from the cDNA sequences from the tuber and fruit tissues. The HRM curves perfectly reflected this difference in the phylogenetic tree and showed a particularly separation of the HRM curves of roots (dark green curves) from the curves for these tubers and fruits (grey curves in Fig. 1 ). In addition to this positional separation between the HRM curves and phylogenic tree, the HRM curves also indicated the difference of Tm value between the amplicons ( Fig. 1 top panel) . Therefore, the simple HRM assay can reflect well the sequence characteristics of the transcripts expressed from the alleles at the same locus.
Sensitive reflection of HRM curves to the activity ratio between alleles
In the analysis of the acid invertase (CA548B), the HRM curves showed a clear difference between the young roots and other tissues (stolons, mature tubers, and vascular ring tissues) (Fig. 4) . The cDNA curves of young roots showed a higher Tm value by about 0.5ºC (Fig. 4) . However, the DNA sequence reading from direct sequencing of the RT-PCR products did not show the expected polymorphism at the T/C SNP (the bold T on the right side of Fig. 5 ). There is one base difference in one of the sequencing repeats of vascular cDNA (the C/A SNP on the left side of Fig. 5 ), but did not have the same reading in the other repeat sequencing and did not solve the question why only the root HRM showed a higher Tm value. To solve this puzzle, we visually compared the raw sequence graphs between cDNA sequences from different tissues (Figs 6 and 7) . It was found that the C-allele was expressed only at the nearly background level (Fig. 6) for the T/C SNP marked at right side in Fig.  5 . However, there was a C/A SNP (the marked SNP at the left side in Fig. 5 ) at approximately the sequence position 61 in the PCR product sequences (Fig. 7) . Both C-allele and A-allele were expressed in all the tissues but the activity ratio is different. In the young roots, most transcripts are from the C-allele, and very little from the A-allele (Fig. 7 left panel) TGGTGATGTGGTGCGTGTAATGACTGTTGTTTATATCAAGTTCTTTGTTA ************************** ***********************
AAACAACAAAGTTGTGTGTTGACCAAACTGTTTGGAAAGTTAATGATGAA ***** ************************************** *****
CAGTTGGTGGTAACTGGTGGTAAGGTAGGAAATGAAAACGACATCTTCAA *********************** **************************
GATTATGAAAACTGACTTGGTGACACCAGGAGGTTCCAAATATGTATACA *** * ********* ******* ****** * *** ********* Fig. 2 . 'Shepody' cDNA sequence alignments of the most abundantly expressed variants (alleles). The primer (CA35B) used to screen each tissue was derived from invertase inhibitor. The purified amplicons were sequenced by an ABI Prism 3100 Genetic Analyzer. *: Consensus sequences among the allele transcripts. 
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Vascu2 CAAAAGCTATCTGAGCTAACGCCAGTTTACTTCTACATTTCTAAAGGAGCTGATGGTCGAGC **** ********************************************************* Fig. 4 . High resolution melting curves of a SNP region (CA548B) of an acid invertase locus. Light green curve (marked by the arrow): Young roots; red curve: Stolons; dark green curves: Mature tuber and vascular ring. The PCR reactions for a tissue were amplified in duplicate. Melting curve normalization was carried out with LightScanner software on the LightScanner (Idaho Inc., UT). Note that the HRM curves of the two repeats of each tissue are very similar and that young root curves are different from the rest. Fig. 6 . Part of the raw cDNA sequence files of the targeted T/C SNP region of the abundantly expressed variants (alleles) at the acid invertase locus (primer CA548B) sequenced directly from RT-PCR products. Potato genotype: Shepody. Note that the C allele (blue peak at the SNP) transcript was at low abundance in all the four types of tissues and therefore is unlikely to influence the HRM curves significantly. Fig. 7 . Part of the raw cDNA sequence files of the C/A SNP region of the abundantly expressed variants (alleles) at the acid invertase locus (primer CA548B) sequenced directly from RT-PCR products. Potato genotype; Shepody. Note that in the cDNA sequence from vascular tissues (the right panel), the amplicon at the SNP read as the A allele by the sequencer, but actually both the C allele (blue peak at the marked SNP) and A allele accumulated to approximately the same abundances.
transcript abundance difference between the two alleles is much smaller (the right 3 panels in Fig. 7 ). Since the downstream SNP (T/C) was only expressed minimally, the HRM difference should be mainly from this upstream C/A SNP. In conclusion, the HRM curves reflected well the activity ratio between alleles and showed which allele is more actively expressed for a SNP.
Detection of allelic expression evolution in tubers during cold storage by HRM assay
To assess the time course expression, the transcripts of tubers during cold storage using the AGPase gene locus (primer CC1533A) were measured. The expression activity shifted from a higher melting curve (day 0 and day 2 of storage) to a low melting curve allele (day 13 and day 30 of storage) among tubers of the low sugar content variety Atlantic during the 7ºC cold storage (Fig. 8 : left panel); whereas there was no such a clear shift in the higher sugar content variety Superior (Fig. 8: right panel) . The time course also fit well with results from real time PCR (data not shown) but the Lightscanner could identify allelic variants much easily. Therefore, the high-resolution melting curve assay yields complementary and novel information for potato gene expression and demonstrates the power of the high-resolution melting curve method. Although more research is required to investigate whether the HRM curve shift in these varieties is related to the sugar contents in the tubers, the experiment indicates that HRM assay can monitor allelic expression during cold storage and detect differences among potato varieties in their response to cold storage at the transcript abundance level.
Discussion
Sensitivity and reproducibility are crucial parameters for all analyses of gene expression. The improved reliability of the LightScanner platform for transcript abundance measurement is mainly derived from the use of an improved simple RT-PCR analysis that does not require fluorescently labeled probes. The LightScanner platform only needs a small amount of target solution for the assay (Wittwer et al., 2003; Herrmann et al., 2006) . For example, nano-scale aliquots of template in the 10 µl of total PCR reaction with one amplification target per tube was performed in parallel in a 96-well-plate format and generated repeatable results. These advantages will enable high throughput screenings. For a direct comparison of various tissues, duplicates or triplicates from different samples can be assayed simultaneously in the 96-well format, and targeted amplicons were accurately determined and duplicated. The technology is sensitive enough to accurately detect the presence of allelic cDNA variants of a gene from various tissues. Significant differences between the treatments were observed between samples.
In the LightScanner software (Idaho Technology Inc, Salt Lake City, UT), there are a number of convenient methods to view and analyze the data, including normalized melting curves and normalized difference curves. These analyses are to highlight differences between individual curves and their baseline. The approach performed here, using unlabeled primers and LC Green, was less expensive than the commonly used fluorescence dyes. Because of its flexibility in experimental design and straightforward way of producing many replications, the direct evidence that the LightScanner platform was sensitive enough to resolve allelic expression differences among various tissues was simple to achieve. The protocols presented here are reliable and easy to handle, compared with various other gene expression analysis methods such as a realtime RT-qPCR method (Nolan et al., 2006) , although each protocol has its advantages and disadvantages. This simple platform based on the melting temperature property of cDNA visualizes allelic variants spatially and temporally and assist pursuing each allele's function.
The molecular markers derived from genomic DNA or cDNA derived amplicons and the primers used here segregated in our mapping populations and can also be directly used for mapping purpose (data not shown). Conventionally, amplicons from different alleles of a known gene cannot be visually differentiated by regular RT-PCR if there is only one or a few nucleotides difference between amplicons. HRM technology largely solved this problem and therefore should be useful for QTL mapping and association genetic analysis with informative, expressed markers, a type of functional allele markers.
The LightScanner HRM system can also use an oligo-probed approach to distinguish two SNPs in the same region amplified by the same pair of primers (Idaho Technology Inc, Salt Lake City, UT). While the oligoprobe approach can give additional useful information in our recent experiments (AGPase, data not shown, unpublished), this non-probe approach is simpler for manipulation and analysis. This simple, fast approach is capable of generating useful information very effectively as demonstrated in this study. The method is so sensitive probably because PCR amplicon regions are very short (150-250 bp) and so closely-linked SNPs behave very similarly, unless a rare genetic recombination occurs within such a short region. This study used a PCR-product sequencing approach to verify the HRM results. However if a database was available for genomic SNPs or cDNA SNPs and their melting temperatures of the SNP regions, the cDNA HRM data with or without the oligo probes could be used as functional allele activity (FAA) markers to sensitively detect the dominantly expressed allele and the transcript abundance ratio between alleles. It is also likely that FAA markers can be converted to functional allele genomic (FAG) markers.
